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Adipocyte Fatty Acid Storage Factors Enhance 
Subcutaneous Fat Storage in Postmenopausal Women 
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Increases in weight have been associated with corresponding 
increases in insulin resistance in postmenopausal women. Al- 
though estrogen has significant impact on body fat and body fat 
distribution, the cellular mechanisms that influence this process 
are not yet known. We measured adipose tissue fatty acid (FA) 
storage and FA storage factors in 12 premenopausal and 11 
postmenopausal women matched for age and body composition. 
Postmenopausal women had lower postprandial FA oxidation 
(indirect calorimetry), greater meal FA, and direct free FA (FFA) 
storage than premenopausal women, including two-fold greater 
meal FA storage in the femoral depot. The fed/fasted activities 
of adipose tissue lipoprotein lipase were not significantly 
different between premenopausal and postmenopausal women. 
In contrast, adipocyte acyl-CoA synthetase and diacylglycerol 
acyltransferase activities in postmenopausal women were signif- 
icantly upregulated and were positively correlated with direct 
FFA storage rates. These findings suggest that the propensity for 
subcutaneous adipose tissue FA storage is increased in post- 
menopausal women, more so from changes in adipocyte FA 
storage factors than from adipose tissue lipoprotein lipase 
activity. Our results suggest that female sex steroids, most likely 
estrogen, have important effects on adipose tissue FA storage 
and FA oxidation that could promote fat gain in postmenopausal 
women. Diabetes 62:775-782, 2013 




Increases in body weight are associated with greater 
risks of type 2 diabetes (1-3), and weight gain in 
postmenopausal women are of special concern (4). 
Estrogen has remarkable effects on body fat distri- 
bution, and the decreased sex hormone production after 
menopause is associated with increased total body fat 
(5,6), especially in the central/abdominal region (7,8). 
Hormone replacement therapy in early menopause may 
mitigate these changes in body composition and may de- 
crease central adiposity (9). Despite the strong evidence 
that female sex steroids have a major influence on total 
body fat and body fat distribution, the cellular mechanisms 
mediating these effects are unknown. To address this lack 
of understanding, we measured the storage of dietary fatty 
acids (FAs) and circulating free fatty acids (FFAs) into 
adipose tissue in premenopausal and postmenopausal 
women carefully matched for age and body composition. 
These physiological measures were combined with mea- 
sures of the adipose tissue content of a number of proteins/ 
enzymes required for adipocyte FA storage. 
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The FA stored in adipose tissue originates primarily 
from triglyceride-rich lipoproteins (i.e., chylomicrons and 
VLDL); however, there is also a component of FA re- 
distribution via the direct FFA reuptake pathway. FFAs 
are the products of adipose tissue lipolysis, which is virtu- 
ally the sole source of FFA in the postabsorptive state. 
Triglyceride-rich lipoproteins require lipoprotein lipase 
(LPL) to liberate the FA from the glycerol backbone of the 
triglyceride molecule. Regardless of whether FAs are de- 
rived from triglyceride-rich lipoproteins or circulating FFA, 
the FA can enter the adipocyte either via a passive (flip- 
flop) mechanism or via protein facilitated diffusion (10). 
Once inside the adipocyte, FA must undergo a series of 
enzymatic reactions to be stored as triglyceride. Although it 
is Imown that estrogen can modulate LPL activity by sup- 
pressing gene transcription (11), little else is understood 
about whether estrogen affects adipocyte storage steps, 
including protein-facihtated transport and the enzymes 
needed for triglyceride synthesis. 

We performed quantitative measures of meal-derived FA 
and direct FFA storage in adipose tissue and integrated 
these physiological assessments with information regarding 
some key factors that regulate cellular storage of FA as tri- 
glycerides. We focused on the FA transport protein (CD36), 
acyl-CoA synthetase (ACS) activity, and diacylglycerol 
acyltransferase (DGAT) activity. These FA storage factors 
are involved in different tiers of adipocyte FA storage. CD36 
is a cell-surface glycoprotein that facilitates FA transport 
into cells (12). The ACS enzymes catalyze the activation of 
FA to their CoA derivatives (13). The flnal step in FA storage 
as triglycerides is catalyzed by DGAT (14,15). By integrating 
the physiological and cellular information regarding adipo- 
cyte FA storage, we are able to provide novel insights into 
the effects of estrogen on systemic and regional adipose 
tissue metabolism in humans. The unique differences in FA 
storage between premenopausal and postmenopausal 
women we observe contribute toward our understanding of 
body fat patterning in women. 

RESEARCH DESIGN AND METHODS 

Subjects. Eleven women who had undergone menopause naturally (at least 3 
years from last menstrual period) or surgically (at least 2 years from salpingo- 
ophorectomy) participated in the research study. For the purposes of this 
report, we refer to this group as postmenopausal. To be included in the study, 
women could not have been using hormone replacement therapy for at least 2 
years. Thirteen premenopausal women with normal serum estrogen concen- 
trations (premenopausal) were recruited as age-matched and BMI-matched 
controls. All participants were healthy and weight was stable (± 1.0 kg for > 2 
months before the study). Participants were excluded if they had diabetes, 
anemia, or were using antidepressants or other medications that could affect 
FA metabolism. Written informed consent was obtained from all participants. 
The study was approved by the Institutional Review Board of the Mayo Clinic. 
Materials. [l-^^C]palmitate and [9,10-^H]triolein were purchased from NEN 
Life Science Products (PerkinElmer, Boston, MA). ^HaO and [U-^^C]palmitate 
(both 99 atom percent pure) were purchased from Isotec (Miamisburg, OH). 
Study design. All studies were conducted in the Mayo Clinical Research Unit. 
Before their inpatient study visit, total body water and body composition were 



diabetes, diabetesj oumals. org 



DIABETES, VOL. 62, MARCH 2013 775 



ENHANCED FAT STORAGE IN POSTMENOPAUSAL WOMEN 



measured. Participants were provided with all meals for 5 days immediately 
before their inpatient study day to ensure that they were in comparable and 
stable nutritional states (16). Participants then were admitted for their in- 
patient study stay. The protocol for the inpatient study days has been de- 
scribed elsewhere (16). Briefly, after an overnight stay, volunteers consumed 
an experimental meal containing [^H]triolein. Blood samples were collected 
and indirect calorimetry (DeltaTrac, Yorba Linda, CA) was performed hourly. 
Urine was collected over a 24-h period for nitrogen and ^H20 excretion as part 
of meal fat oxidation measurements. After a second consecutive overnight 
visit, FFA tracers were given to measure direct FFA storage rates. Abdominal 
and femoral adipose tissue biopsies were performed on the first day at 1400 h 
(1 h after lunch) and on the second day at 30 min after the bolus infusion of 
[l-^^C]palmitate. Blood samples for plasma catecholamine concentrations 
were collected at 0, 300, and 1,440 min during the study day. 
Assays and methods. Plasma triglyceride concentrations and content in 
chylomicron and nonchylomicron fractions were measured as previously de- 
scribed (17). Urinary nitrogen was measured using an Analox GM7 Fast Enzy- 
matic Metabolite Analyzer (Analox Instruments, Lunenburg, MA). Plasma 
glucose was measured using a glucose analyzer (Beckman Instruments, FuU- 
erton, CA) and plasma catecholamine concentrations were measured by re- 
versed phase high-performance liquid chromatography (18). Plasma triglyceride 
concentrations were measured using a microfluorometric assay (19). Plasma 
insulin concentrations were measured using chemUuminescent assays on an 
automated immunoassay system (Assay and Dxl, Beckman Instruments, Chaska, 
MN). Plasma estrogen concentrations were measured via liquid chromatography/ 
mass spectrometry. 

Body composition. Fat-free mass, total body mass, and leg fat mass were 
measured via dual-energy X-ray absorptiometry (Lunar iDXA, GE Healthcare, 
Madison, WI) (20). Abdominal subcutaneous and visceral adipose tissue areas 
were measured by combining data from a single-slice abdominal computed 
tomography scan at the L2-L3 level with the dual-energy X-ray absorptiometry- 
measured total abdominal fat content, as previously described (21). 
Substrate oxidation. Participants fasted for 12 h before measuring resting 
energy expenditure, as previously described (16). Measurements were taken 15 
min hourly from 0 to 360 min after the consumption of the experimental meal. 
Carbohydrate and fat oxidation at each time point were calculated and total 
oxidation was determined as area under the curve (AUC) (22). 
Fatty acid metabolism studies. Meal FA storage and oxidation were de- 
termined as previously described (16). Briefly, 50 jxCi [9,10-^H]triolein was 
sonicated with an Ensure Plus meal that provided 40% of individually mea- 
sured resting energy expenditure (23). Participants consumed the meal at 0800 
h and quadruplicate 50-|jlL samples of the test meal were counted on a liquid 
scintillation counter to determine the exact amount of [^H]triolein consumed. 
Meals with the same macronutrient composition as those provided during the 
week before admission were consumed at lunch (1300 h) and dinner (1800 h). 
^H20 concentration in body water was measured in urine collected after a 24-h 
void, as previously described (16). A continuous infusion of [U-^^C]palmitate 
to measure FFA flux (24) combined with a bolus infusion of [l-^'^CJpalmitate 
was administered to measure direct adipose tissue FFA storage rates (25). 
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FIG. 1. Daytime plasma insulin concentrations. Plasma insulin con- 
centrations during the first 10 h of the experimental meal day. Black 
diamonds and solid lines, premenopausal women; white squares and 
dashed lines, postmenopausal women. AUC was greater (P = 0.008) in 
postmenopausal women than in premenopausal women. 



TABLE 1 



Subject characteristics 





Premenopausal 


Postmenopausal 




(fi 






(ji 






Age 


49 




1 


50 




1 


ll^^-I ^1^-4- 

Weignt C^g) 
oivil (^Kg/m ) 


84.7 




4.9 


76.7 




4.6 


29.2 




1.3 


29.5 




1.5 


rat {%) 


41 




2 


44 




2 


tax (kg) 


34.3 




3.2 


33.6 




3.1 


\jDb\4 i^Kg) 


18.5 




1.8 


18.4 




1.7 


T T5cr^ ^^:r^'\ 
LDbK4 (kgj 


12.7 




1.3 


11.9 




1.1 


Visceral fat (kg) 


3.1 




0.5 


3.3 




0.6 


Abdominal fat cell 














size (fxg lipid/cell) 


0.76 




0.08* 


0.85 




O.IP 


Femoral fat cell 














size (|jLg lipid/cell) 


1.04 




0.12 


1.12 




0.09 


Estradiol (pg/mL) 


152.9 




46.0 


15.1 




5.9 


Fasting insulin (|jlU/L) 


4.9 




0.7 


6.0 




0.5 


Fasting plasma 














glucose (mg/dL) 


98 




2 


97 




2 


Plasma palmitate 














(|jLmol/L) 


95 




7 


108 




4 


Palmitate flux 














(fxmol/min) 


91 




4 


105 




7 



Values are mean ± SEM. Estrogen concentrations were not random 
variables and therefore were not subject to statistical testing. *P < 
0.05 between upper and lower body within groups. 



Abdominal and femoral adipose tissue biopsies were performed using sterile 
technique and local anesthesia at 6 h and 24 h after experimental meal: the 24-h 
biopsy was timed to occur 30 min after the ^^C bolus (16). After lipid ex- 
traction via coUagenase digestion (26), adipocyte and ^^C lipid-specific 
activity (dpm/g lipid) were measured as previously described (27). 
Adipose tissue analysis. Fat cell size was measured using photomicro- 
graphs (28), LPL activity was measured using the approach of Nilsson-Ehle 
and Schotz (29), ACS (30) and DGAT (15) activity were determined using 
enzymatic assays, and CD36 quantification was measured using sandwich 
ELISA (31). 

Calculations, data analysis, and statistics. Calculations are described in 
detail elsewhere (16). Because the means of data expression can impact data 
interpretation (32), we provide two approaches in an attempt to address dif- 
ferent perspectives. We use the per unit lipid expression when the question 
relates to whether one body fat depot competes better for the available FAs than 
another depot. However, when examining the factors that regulate tissue FA 
storage rates at a cellular level, we express the data per 1,000 adipocytes. The 
Shapiro-WUk test was performed for goodness of fit and data that were not 
normally distributed were log-transformed. Unpaired t tests were applied for 
between-group comparisons. A mixed model 2 level and mixed model 3 level 
ANOVA with post hoc least-squares means tests were used to determine group 
differences using time and depot as within-group variables. If a relationship was 
apparent, then a Pearson correlation was used; otherwise, correlations in 
postmenopausal and premenopausal groups were determined using Spearman 
rank test. AH data are presented as mean ± SEM and were analyzed using JMP 
9.0 (SAS Institute, Cary, NC). Statistical significance was defined as P < 0.05. 



RESULTS 

Subject characteristics. The two groups of women were 
matched for age, BMI, and body composition (Table 1). 
The average and range of BMI were similar in both the post- 
menopausal and premenopausal groups (21.6-38.3 kg/m^). 
Abdominal fat cell size was smaller (P < 0.001) than thigh 
fat cell size in both groups and, by design, serum estrogen 
concentrations were greater in premenopausal than in 
postmenopausal women. 

There were no differences in baseline insulin or fasting 
plasma glucose concentrations between groups. Despite 
comparable plasma glucose concentrations, the daytime 
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plasma insulin concentrations, as measured by the AUG, 
was greater (P = 0.008) in postmenopausal women than in 
premenopausal women (Fig. 1). The average (mean of 
three samples) plasma epinephrine concentrations were 
49 ± 9 and 43 ± 11 pg/mL (postmenopausal versus pre- 
menopausal; P = not significant) and plasma norepineph- 
rine concentrations were 219 ± 17 and 176 ± 15 pg/mL 
(postmenopausal versus premenopausal; P = not signifi- 
cant). Overnight postabsorptive plasma palmitate con- 
centrations and fiux were not different in the two groups 
(Table 1). 

The AUG of nonchylomicron triglyceride concentrations 
in postmenopausal women tended to be greater (P = 0.05) 
than in premenopausal women (Fig. 2). There were no 
significant differences between premenopausal and post- 
menopausal groups in AUG of chylomicron triglyceride 
concentrations (P = 0.17) or specific activity (P = 0.15), 
suggesting that meal FA absorption/transport into the cir- 
culation was similar in the two groups. 
Substrate and meal FA oxidation. The AUG of total FA 
oxidation measured by hourly indirect calorimetry over 
the 6 h after the experimental meal was greater (P = 0.04) 
in premenopausal women than postmenopausal women 
(Table 2). In contrast, meal FA oxidation (^H20 genera- 
tion) over 24 h was not different between groups. Over- 
night basal metabolic rate and respiratory exchange ratio 
were similar between groups (Table 2) and within indi- 
viduals between study days, indicating that the partic- 
ipants were in a metabolically steady state. 
Regional meal FA storage. There was a group X depot 
effect (P = 0.01) in 24-h meal FA storage (mg meal FA g 
lipid" ^), with a greater difference between abdominal and 
femoral meal FA storage in postmenopausal than in pre- 
menopausal women. Postmenopausal women stored more 
(P = 0.0002) meal FA in the femoral than abdominal depot 
(Table 3). In contrast, meal FA storage in premenopausal 
women was not significantly different between depots. 
Postmenopausal women also stored more (P = 0.001) meal 
FA per gram of lipid in the femoral region than pre- 
menopausal women. 

A greater percentage of meal FA was stored in lower 
body subcutaneous adipose tissue (LBSQ; P = 0.001) in 
postmenopausal than premenopausal women. There was 
a trend (P = 0.05) for a greater proportion of meal fat to be 
stored in upper body subcutaneous adipose tissue (UBSQ) 
of postmenopausal versus premenopausal women. In total, 
postmenopausal women stored a greater (P = 0.002) pro- 
portion of meal FA in subcutaneous fat than premenopausal 
women. 

Direct adipocyte FFA storage. Rates of FFA storage are 
presented as (xmol kg adipose tissue"^ min"^ for physio- 
logical interpretation and as pmol- 1,000 cells" ^ min"^ to 
permit us to address mechanisms at the cellular level. At 
the physiological level, there was a group X depot effect 
(P = 0.047) in rate of direct FFA storage (|xmol kg adipose 
tissue" ^ min"^). Rates of direct FFA storage were greater 
(P = 0.02) in femoral adipose tissue of postmenopausal 
than premenopausal women. The rates of direct FFA 
storage were greater (P = 0.0005) in femoral than abdominal 
adipose tissue only in postmenopausal women. At the cel- 
lular level, rates of FFA storage (pmol - 1,000 cells" ^ min"^) 
were greater in the femoral than abdominal fat for both 
premenopausal (P = 0.009) and postmenopausal (P = 
0.0001) women. Although the proportion of FFA stored in 
UBSQ and LBSQ depots via the direct pathway was 
not significantly different in postmenopausal women. 



premenopausal women stored a greater proportion (P = 
0.01) of FFA in UBSQ than in LBSQ. 
Adipose-specific effectors of FA storage 
LPL activity. LPL activity was significantly greater in 
femoral than abdominal fat in both the fasted and fed state 
in both postmenopausal and premenopausal women (Ta- 
ble 3). However, the difference between abdominal and 
femoral LPL activity was not as marked in the fed state as 
indicated by a time X depot effect (P = 0.003). In addition, 
the change in LPL activity between depots across time was 
different between groups as indicated by a time X group X 
depot effect (P = 0.04). This was explained by a greater 
increase in abdominal LPL activity from the fasted to the 
fed state in postmenopausal than in premenopausal 
women (Table 3). 
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FIG. 2. Daytime plasma triglyceride concentrations and specific activ- 
ity. Plasma chylomicron (fop) and nonchylomicron triglyceride con- 
centrations {middle) and chylomicron triglyceride-specific activity 
{lower) during the first 10 h of the experimental meal day. Black dia- 
monds and solid lines, premenopausal women; white squares and 
dashed lines, postmenopausal women. AUG of nonchylomicron tri- 
glyceride concentrations in postmenopausal tended to be greater (P = 
0.05) than in premenopausal women. There were no significant differ- 
ences between premenopausal and postmenopausal groups in AUG of 
chylomicron triglyceride concentrations or specific activity. 
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TABLE 2 

Energy and FA metabolism 





Premenopausal (n 


= 12) 


Postmenopausal (n = 11) 


REE (kcal/d) 


1,615 ± 60 




1,543 ± 90 






6-h substrate oxidation 












Fat (g) ^^^^^^ 


17 ± 1 




12 ± 2t 




Protein 


^^^^^^1 22 1 




^^^^^H 1 




Meal FA oxidation (g) 


27.6 ± 1.7 




27.2 ± 2.6 








Abdominal 


Femoral 


Abdominal 


Femoral 


Meal FA storage (mg/g lipid) 


0.25 ± 0.03 


0.29 ± 0.03 


0.32 ± 0.03* 


0.53 ± 0.08t 


Rate of direct FFA storage 


(ijimol kg adipose tissue min ) 


0.25 ± 0.02 


0.28 ± 0.04 


0.31 ± 0.04* 


0.42 ± 0.05t 


XIO"^ (pmoM,000 cells" ^- min" ^) 


1.91 ± 0.34* 


3.14 ± 0.74 


2.80 ± 0.67* 


4.93 ± 0.89 


Adipose tissue FA storage (%) 


UBSQ 


LBSQ 


UBSQ 


LBSQ 


Meal FA 


23 ± 3 


18 ± 2 


30 ± 3 


31 ± 3t 




^H^.6 ± 0.6* 1 




5.1 ± 0.6 


4.6 ± 0.6 



Values are mean ± SEM. REE, resting energy expenditure. The 6-h substrate oxidation refers to the indirect calorimetry data collected 
beginning just before and for 6 h after the experimental breakfast meal. Meal FA storage and oxidation refers to isotope measures of ^H- 
triolein disposal into adipose tissue (as assessed by biopsies and generation of ^H20) 24 h after consumption of the experimental breakfast 
meal. Direct adipose FFA storage rates are based on isotope dilution measures using adipose biopsies and palmitate kinetics. *P < 0.05 
between depots within a group; < 0.05 between groups (i.e., premenopausal vs. postmenopausal). 



LPL activity as a predictor of meal FA storage. Be- 
cause fed LPL activity correlates with fractional meal FA 
storage in young, lean, healthy men and women (33), we 
examined this relationship in this study (Fig. 3). The cor- 
relation between fed abdominal LPL activity and the pro- 
portion of meal FA stored in UBSQ was significant (r = 
0.66; P = 0.03) in postmenopausal women, and nearly so in 
premenopausal women (r = 0.57; P = 0.06). Fed femoral 
LPL activity correlated (P = 0.60; P = 0.04) with the pro- 
portion of meal FA stored in LBSQ fat only in pre- 
menopausal women. 

Adipocyte FA storage factors. Overnight postabsorptive 
adipose tissue CD36 content and ACS and DGAT activity 
data are presented in Table 3 and are expressed in both 
physiological (per milligram of lipid) and cellular (per 1,000 
cells) terms. 

At both the physiological (P = 0.002 for abdominal; P = 
0.007 for femoral) and cellular levels (P = 0.005 for ab- 
dominal; P = 0.03 femoral), DGAT activity was greater in 



postmenopausal than in premenopausal women. At the 
cellular level, abdominal ACS activity was greater (P = 
0.04) in postmenopausal than in premenopausal women. 
There were no significant differences in regional CD36 
content (per 1,000 cells) in postmenopausal versus pre- 
menopausal women. 

At the physiological level, femoral ACS activity was 
greater (P = 0.01 and P = 0.001, respectively) than ab- 
dominal ACS activity in both postmenopausal and pre- 
menopausal women. In premenopausal women only, CD36 
content per milligram of lipid was greater (P = 0.04) in 
femoral than in abdominal fat. ACS and DGAT activity and 
CD36 content per 1,000 cells of fat were greater (P < 0.02 
for all) in femoral than in abdominal fat for premenopausal 
and postmenopausal women. 

Adipocyte proteins versus direct FFA storage rates. 

For postmenopausal women, but not for premenopausal 
women, the activity of ACS, DGAT, and CD36 content 
were all significantly associated with rate of FFA storage 



TABLE 3 

Adipose tissue characteristics 





Premenopausal (n 


= 12) 


Postmenopausal (n 


= 11) 


Abdominal 


Femoral 


Abdominal 


Femoral 


LPL activity (iJimol g tissue ^ h ^) 


Fasted ^^^^^^^^^^^^^^^^H 


0.73 ± 0.14*|^^H 


2.01 ± 0.72 ^1 




2.33 ± 0.^ 


Fed 


1.07 ± 0.17* 


2.08 ± 0.47 


1.52 ± 0.19* 


2.28 ± 0.41 


Adipocyte factors ^^^^^B ^^^1 ^^^1 ^^^^^H 


ACS (pmol mg lipid" min" ) 


55.9 ± 2.9* 


75.1 ± 4.8 


72.7 ± 8.2* 


88.9 ± 8.0 


DGAT (pmol mg lipid" ^ - min" ^)H^H 


■ 4.5 ± 0.2 


5.0 ± 0.4 ■ 


■ 6.6 ± 0.64t i^^^H 


6.7 ± 0.5t 


CD36 (relative units/mg lipid) 


15.9 ± 2.2* 


24.8 ± 6.0 


24.1 ± 5.3 


26.4 ± 5.0 


ACS (pmol- 1,000 cells" ^ - min" ^) ■ 


■ 38.6 ± 3.8* 


75.0 ± 7.0 H 


■ 64.1 ± 12.3*t ■■1 100.5 ± 12.6 


DGAT (pmoM,000 cells" ^- min" ^) 


3.1 ± 0.3* 


5.2 ± 0.8 


5.6 ± 0.9*t 


7.4 ± 0.7t 


CD36 (relative unit/1,000 cells) 


11.1 ± 1.6* 


22.8 ± 4.3 


20.2 ± 4.6* 


32.2 ± 8.4 



Values are mean ± SEM. *P < 0.05 between depots within a group; tP < 0.05 between groups (i.e., premenopausal vs. postmenopausal); tP < 
0.05 across time (i.e., fasted vs. fed) test. 
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FIG. 3. Regional LPL activity compared with regional meal FA storage. 
Fed LPL activity in the abdominal {top panel^ and femoral {lower 
panel) is plotted compared with the proportion of meal FAs stored in 
UBSQ and LBSQ adipose tissue. Black diamonds, premenopausal women; 
white squares, postmenopausal women; dashed line {top panel), a sig- 
nificant correlation in postmenopausal women; and solid line (bottom 
panel), a significant correlation in the premenopausal women. 

(per 1,000 cells) in abdominal (p = 0.75 and P < 0.01 for 
all) and femoral (p = 0.74 and P = 0.01; p = 0.85 and P = 
0.0008; p = 0.63 and P = 0.04, respectively) fat (Fig. 4). No 
significant associations were found between adipocyte 
proteins and FFA storage in premenopausal women. There 
were no significant physiological (per milligram of lipid) 
relationships between ACS and DGAT activity or between 
CD36 content and the rates of FFA storage per kilogram of 
adipose tissue. No significant associations were found 
between adipocyte proteins and FFA storage in pre- 
menopausal women. 

Relationship between adipocyte FA storage factors. 

For abdominal fat, ACS activity, DGAT activity, and CD36 
content were correlated with each other in postmenopausal 
women (ACS versus DGAT: p = 0.77 and P = 0.005; ACS 
versus CD36: p = 0.69 and P = 0.02; DGAT versus CD36: p = 
0.78 and P = 0.005). Similarly, in femoral fat of post- 
menopausal women, ACS activity was correlated with both 
CD36 content and DGAT activity (p = 0.71 and P = 0.02 for 
both). There were no relationships between CD36 content 
and ACS and DGAT activity in the abdominal or femoral 
depots in premenopausal women. 



DISCUSSION 

Although there are large amounts of descriptive data re- 
garding the effects of estrogen on body fat distribution, 
the underlying cellular mechanisms remain unknown. We 



examined the regulation of fat storage pathways in vivo in 
postmenopausal and age-matched and body composition- 
matched premenopausal women. We found that meal FA 
storage in subcutaneous fat was greater in postmenopausal 
than in premenopausal women. This difference was espe- 
cially evident in the femoral depot, where meal FA storage 
in postmenopausal women was double that of premen- 
opausal women. Rates of direct FFA storage also were 
greater in postmenopausal versus premenopausal women, 
although differences were only significant in the femoral 
region. At the level of the adipocyte, CD36 content and ACS 
and DGAT activity are highly coregulated in postmen- 
opausal women, and these FA storage factors were signif- 
icantly related to FFA storage. Our results imply that the 
sex steroid deficiency of menopause increases CD36 con- 
tent and ACS and DGAT activity in such a manner as to 
facilitate greater adipose tissue FA storage. 

As expected, we observed that plasma insulin and tri- 
glycerides were somewhat greater in postmenopausal 
women. Although the contribution of changing fat distri- 
bution versus hormonal changes with menopause to insulin 
and triglyceride responses are unclear, other investigators 
also have observed higher fasting insulin and triglyceride 
concentrations in postmenopausal women (34-37). Ab- 
dominal adipose tissue LPL activity in the fed state was 
greater in postmenopausal women. The somewhat lower 
LPL activity in estrogen-sufficient women is consistent with 
findings from other groups (38,39). Homma et al. (11) found 
a sequence on the LPL promoter that responds to estrogen 
by suppressing gene transcription in vitro. Our finding that 
an association between femoral LPL activity and meal FA 
storage was present in premenopausal, but not in post- 
menopausal women, suggests that the upregulated femoral 
LPL activity in postmenopausal women is no longer rate- 
limiting for dietary FA storage in this depot, at least at this 
amount of dietary fat intake. 

We also found that postmenopausal women had lower fat 
oxidation than premenopausal women. Whether estrogen 
alters fat oxidation is controversial. Although some have 
found that postmenopausal women treated with estrogen in- 
crease fat oxidation (40,41), others have not observed differ- 
ences in fat oxidation between postmenopausal women who 
were estrogen-deficient versus estrogen-sufficient (42,43). Our 
findings of reduced postprandial FA oxidation in post- 
menopausal women are consistent with the findings of 
Lwin et al. (41). Regarding mechanism, it has been repor- 
ted that ovariectomized mice administered estrogen 
upregulate the skeletal muscle expression of peroxisome 
proliferator-activated receptor-8 and peroxisome pro- 
liferator-activated receptor-a (44,45), which should in- 
crease fat oxidation. 

To our knowledge, this study is the first to measure 
a series of adipocyte FA storage factors in premenopausal 
and postmenopausal women. At the physiological and 
cellular levels, both abdominal DGAT activity and femoral 
DGAT activity were most strikingly different between 
postmenopausal and premenopausal women; DGAT activ- 
ity was 25-40% higher in the former. Although some adi- 
pocyte FA storage factors were not significantly different 
between groups, all factors we measured were greater in 
postmenopausal women. In both abdominal and femoral 
depots, each adipocyte FA storage factor we measured 
was significantly correlated with direct FFA storage, but 
only in postmenopausal women. These correlations in- 
dicate a global increase in fat storage tendencies that is not 
specific to abdominal or femoral fat. 
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FIG. 4. Relationships between abdominal and femoral adipose tissue FA storage factors compared with direct FFA storage rates expressed relative 
to adipocytes. Regional rates of FFA storage (pmol - 1,000 cells" ^ min"^) compared with lipogenic protein activity expressed per 1,000 cells. Black 
diamonds, premenopausal women; white squares, postmenopausal women; dash lines, a significant correlation in postmenopausal women. 



We cannot determine from this study whether reduced 
abihty to oxidize fat promotes greater fat storage or 
whether increases in fat storage limits fat oxidation. The 
greater FA storage tendencies of postmenopausal women 
may suggest that adipose tissue diverts fat from oxidative 
pathways. The greater propensity toward meal and direct 
FFA storage in the adipose tissue of postmenopausal 
women was accompanied by decreases in total FA oxi- 
dation over a 6-h postprandial interval. We note, however, 
that meal fat oxidation (from the experimental breakfast 
meal) was not different between groups. This may point 



toward a shift of FA oxidation away from FFA and toward 
meal sources, which would account for the greater adi- 
pose storage of dietary fat without reductions in meal FA 
oxidation. Our finding of greater direct FFA storage, albeit 
in the postabsorptive state, is consistent with this in- 
terpretation. The combination of greater adipose tissue FA 
storage and greater postprandial carbohydrate oxidation 
in postmenopausal women theoretically could promote 
greater food intake to maintain glycogen stores. In this 
scenario, the slightly greater food intake over time could 
promote weight gain in the form of excess body fat. 
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A particular strength of this study is that FA storage is 
examined in the context of numerous adipocyte FA storage 
factors, including LPL activity. If we examined only LPL 
activity, then we may have come to the false conclusion that 
only abdominal adipocyte FA storage increases with female 
hypogonadism. By measuring abdominal and femoral ACS 
and DGAT activity, as well as CD36 content, we were able to 
document that the overall adipocyte FA storage machinery is 
increased in postmenopausal women. Because our volun- 
teers were matched for body composition and age, these 
differences are most likely attributable to differences in sex 
steroid concentrations, not other factors. However, we can- 
not be sure whether the differences are caused solely by 
lower estrogen or by a combination of low estrogen and 
progesterone concentrations after menopause. Another issue 
to consider is that differences in insuUn concentrations be- 
tween premenopausal and postmenopausal women may 
have influenced adipocyte FA storage pathways. Insulin 
increases the expression of adipose ACS mRNA in vitro 
(46,47), and human adipose tissue DGAT mRNA expression 
is greater in those with increased insulin sensitivity (48). 
Furthermore, DGAT activity is stimulated by insulin and 
glucose (49). In contrast, insulin does not appear to stimulate 
CD36 translocation (50). Thus, the greater daytime insuli- 
nemia in postmenopausal women may have impacted ACS 
and DGAT activity. We did not find statistically associations 
between the 24-h AUC of insulin concentrations and the 
adipogenic protein activities and content (data not shown), 
suggesting that the observed differences between pre- 
menopausal and postmenopausal women were influenced 
more so by differences in sex steroids than insulin. 

We hypothesize that the effects we documented are more 
likely made chronic by estrogen deficiency, because pre- 
menopausal women had 10-fold greater estrogen concen- 
trations than postmenopausal women. Furthermore, the 
study was designed to isolate the effects of estrogen from 
age and the well-described shifts in total and regional body 
fat distributions that occur with menopause by matching 
our participants for these variables. 

In summary, our findings indicate that overall fat storage 
tendencies are increased in postmenopausal women. This 
finding is significant because weight gain is associated 
with greater risk of diabetes (1-3). The increase in fat 
storage stems from somewhat greater LPL activity and 
significantly greater content of adipocyte FA storage fac- 
tors. It is possible that the upregulation in proteins asso- 
ciated with FA storage capacity in postmenopausal women 
contributes to the decrease in postprandial total fat oxi- 
dation. Whether the differences in FA storage between 
premenopausal and postmenopausal women are attribut- 
able to the effects of estrogen or the combination of es- 
trogen, progesterone, and other factors, such as changing 
insulin concentrations, remains to be elucidated. 
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